In situ real time spectroscopic ellipsometry measurements were made during electron cyclotron resonance plasma etching of radio frequency biased GaAs and AlGaAs samples. Gas mixtures used were CH 4 /H 2 /Ar, pure H 2 , and pure Ar. Ellipsometry provided information about damage to the surface region and AlGaAs epilayer thickness. For the methane mixture GaAs etch, damage appeared in the form of redshifted and broadened E 1 and E 1 ϩ⌬ 1 critical point features in a surface layer several tens of nm thick. The damage layer began forming within a few seconds after the start of etching, and stabilized within 1 min. Hydrogen etching caused a thicker damage layer with greater redshifting and broadening, while argon caused relatively little damage. Possible mechanisms for the redshifting are discussed. During etching of an AlGaAs/GaAs heterostructure with the methane mixture, the same redshifting and broadening effects were seen in the AlGaAs critical point structure. The AlGaAs thickness was determined from the real time data, from which an etch rate of about 20 nm/min was derived.
I. INTRODUCTION
The electron cyclotron resonance ͑ECR͒ based etching of GaAs and its compounds via CH 4 /H 2 /Ar gas mixtures is well known.
1 This gas mixture yields reasonable etch rates, is insensitive to crystal orientation, and is capable of etching a wide range of compounds. However, damage to the surface resulting from the etch process occurs. 1 In order to quantify this damage we have performed a series of experiments using real time in situ spectroscopic ellipsometry ͑SE͒ to monitor ECR etching of GaAs and AlGaAs by CH 4 /H 2 /Ar plasmas, together with ex situ SE characterization. The effect of etching on the optical properties of the top 10-30 nm of the material was to redshift and broaden the critical point structure. The implications for the nature of the etch damage are discussed. Real time in situ SE was also used to determine the AlGaAs layer thickness, from which the etch rate was determined.
II. EXPERIMENT
The etching system was turbopumped by a Leybold 600 l /s pump. The ECR system was a Microscience 900, which is a magnetic mirror type employing electromagnets and a 1000 W, 2.45 GHz power source. Gas flow into the chamber was controlled by an MKS flow control system. The substrate was water cooled, and could be biased by a 13.56 MHz source. The radio frequency ͑rf͒ induced direct current ͑dc͒ bias on the substrate with respect to ground was measured and maintained at a constant level throughout each etch run, and could be varied from run to run.
The in situ ellipsometer ͑model M-44 from J. A. Woollam Co.͒ was mounted on optical ports such that the light was incident on the sample at a nominal angle of 75°with respect to the surface normal ͑the actual incidence angle was determined as described below͒. Detection was by 44 independent channels covering the spectral range 416 -755 nm. A scanning wavelength instrument, also from J. A. Woollam Co., was used for ex situ measurements. The supplied software incorporated the modeling and fitting features described below.
The substrates were polished ͑100͒ GaAs, either semiinsulating or doped at 2.6ϫ10 18 cm Ϫ3 n type. The heterostructure was metalorganic chemical vapor deposition ͑MOCVD͒ grown Al x Ga 1Ϫx As on GaAs, with x nominally 0.35.
Ellipsometry: Ellipsometry measures the change in polarization state of a light beam reflected at non-normal incidence from the sample surface. 2 The change in polarization is given as a complex number related to the sample reflection properties by ϭR p /R s , where R p (R s ) is the complex reflection coefficient for light with electric field polarized parallel ͑perpendicular͒ to the plane of incidence. Spectroscopic ellipsometry is the measure of as a function of photon energy h at one or more angles of incidence . The data are sometimes converted to the pseudodielectric function for convenience:
This is what the substrate dielectric function would be if the sample is assumed to be a simple substrate with isotropic uniform optical constants and no overlayers.
To obtain information about individual layer thicknesses and optical constants, a multilayer model is used to calculate R p and R s for comparison with the measured data. Selected model parameters are then varied ͑using the LevenburgMarquardt algorithm͒ to minimize an error function. 3 Model parameters include layer thicknesses and dielectric functions.
The latter may themselves be modeled in various ways or tabulated by photon energy. Dielectric function models include the Bruggeman effective medium approximation ͑EMA͒ for composite or porous materials, 4 a simple harmonic oscillator approximation that uses a set of Lorentz oscillator functions to approximate critical point structure, 5 and an AlGaAs alloy model that allows x to be varied continuously. 6 The general procedure is to develop the simplest model that gives a good fit to the data, is physically reasonable, and is consistent with whatever is independently known about the sample.
III. GaAs ETCHING
Bulk GaAs wafers were etched as received, with no precleaning. Figure 1 shows in situ spectra measured during etching by a CH 4 /H 2 /Ar mixture with flow rate ratios of 5/15/7, total pressure of 1 mTorr, microwave power of 300 W, and rf induced dc bias of Ϫ150 V.
1 The spectral range includes the E 1 critical point ͑2.9 eV͒. The initial spectrum ͑0 s͒ can be modeled as normal GaAs, 7 with 6 nm of a low index overlayer. In this initial fit, the angle of incidence ͑nominally 75°͒ was also a fitting variable. It was then fixed to the best fit value for all subsequent modeling. As etching begins, the overlayer thickness is quickly reduced ͑4 s͒. This is evidenced in the ͗⑀ 2 ͘ spectrum as an amplitude increase at energies near E 1 and an amplitude decrease at lower energies. Also at 4 s, a slight redshift and broadening of the E 1 peak are observable. The redshifting and broadening continue until both have nearly stabilized at 48 s. Figure 2 shows the second derivative with respect to photon energy of ͗⑀ 2 ͘ from ex situ measurements after etching with the methane mixture. A distinct redshift ͑about 50 meV͒ and broadening of the E 1 , E 1 ϩ⌬ 1 structure are evident. The redshift is not an artifact due to a difference in overlayer thickness. Changing the overlayer thickness moves ͗⑀ 2 ͘ up or down but does not significantly shift the peak energies. Also shown are data from a sample etched in pure hydrogen at a pressure of 0.5 mTorr, 300 W microwave power, and Ϫ100 V dc bias, and a sample etched in pure argon at a pressure of 1 mTorr, 200 W microwave power, and Ϫ100 V dc bias. Hydrogen etching causes more pronounced redshifting and broadening than the methane mixture. Argon etching causes very little redshift.
To determine bulk etch rates, a small surface region was covered by silver paint during the etch, then the paint was removed, and the step height measured by profilometer. Etch rates were about 26 nm/min for the methane mix, 37 nm/min for pure hydrogen, and 33 nm/min for the argon. These results are consistent with previously reported etch rates under similar conditions. To determine the approximate thickness of the redshifted GaAs layer, a sample was etched first with the methane mix for several minutes ͑as in Fig. 1͒ , then with argon. Figure 3 shows a sequence during argon etching. As the argon etch removes the redshifted layer, E 1 gradually blueshifts back towards its original value ͑the reverse of Fig. 1͒ . Most of the redshifted layer is gone within 1 min implying that the redshifted layer due to methane etching is no more than about 30 nm thick. Similar runs were made starting with a hydrogen etch instead of the methane mix. These redshifted layers required several times as long to etch away.
In order to model the real time SE data ͑Fig. 1͒ for thicknesses, the optical constants of the redshifted layer were needed. These were obtained from the in situ data at a fixed point in time, after 1 min of etching with the methane mix ͑similar to the 48 s spectrum of shifted material on GaAs bulk material. A simple empirical model, the harmonic oscillator ͑HO͒, was used for the redshifted optical constants. The HO model has been used previously to model the optical constants of crystalline GaAs ͑Ref. 5͒ and AlGaAs. 8, 9 Using a seven oscillator model for crystalline GaAs as a starting point, the amplitude, broadening, and energy of the E 1 oscillator were allowed to vary, along with the amplitude of a higher lying oscillator. The thickness of the redshifted layer was also allowed to vary. As expected, the resulting dielectric function displayed a redshifted and broadened E 1 feature. It was possible to obtain a good fit by varying just four of the total 21 oscillator parameters because the in situ spectral range included only the E 1 feature. The layer thickness best fit value was about 15 nm, of the same magnitude as the argon etching result from Fig.  3 , but a factor of 2 lower. This difference may be due in part to the simplifying assumptions used in the modeling result, particularly that the redshifted layer was uniform rather than graded. Discussion: The above described measurements of etched bulk GaAs indicate a redshifting of the E 1 , E 1 ϩ⌬ 1 critical points in the top few tens of nm, associated with the presence of hydrogen in the plasma. We now consider the possible causes of the redshift. Ion implantation has been shown to convert the crystal near the surface into partly amorphous material. 5 This causes a broadening of the E 1 , E 1 ϩ⌬ 1 critical point structure ͑in fully amorphous material the critical point structure is not resolved͒, but no shifting. Therefore simple amorphous damage, although likely present to some degree, is not the cause of the redshifting.
Effects that are known to cause critical point energy shifts include temperature, alloying, and strain. The temperature dependence of GaAs optical constants is known; 10, 11 in fact, SE can serve as a reasonably accurate thermometer of surface temperature. 11 Increasing temperature broadens and redshifts the critical points, as in Fig. 1 . However, the redshift here is irreversible, as shown by the ex situ data in Fig. 2 , so it cannot be a temperature effect. Similarly, alloying with indium or antimony would cause redshifting and some broadening. There is no known source of these elements in the plasma, however, and Auger electron spectroscopy ͑AES͒ measurements did not show the presence of any new elements after etching.
The relation between strain and critical point shift has been calculated in a perturbation approximation. 12 Hydrostatic strain ͑isotropic change in lattice constant͒ causes an equal shift of E 1 and E 1 ϩ⌬ 1 in the same direction. The shift observed here, ϳ50 meV for the methane mixture etch, is consistent with hydrostatic strain corresponding to an ϳ1% increase in lattice constant. Independent experimental verification that the lattice constant increased in the redshifted layer was not obtained. However, of the effects listed above this seems to be the only viable one for explaining the redshift.
Others have also reported damage due to ECR plasma etching at room temperature. Constantine et al. observed changes in photoluminescence intensity and I -V characteristics when using a methane mixture with rf bias.
1 Weegels et al. observed large changes in the in situ reflectivity spectrum during room temperature hydrogen ECR etching with bias, 13, 14 which they interpreted with a model that had a damage layer containing amorphous and crystalline GaAs. Their results for Ar etching, like ours, showed much less change in critical point structure than the room temperature hydrogen etching. In earlier work we described ECR etching of GaAs with a CCl 2 F 2 /O 2 gas mixture 15, 16 at much lower power and consequently a very low etch rate. There was no redshift at all in that case, only a thin damage layer a few nm thick that could be modeled as partly amorphous.
The mechanism by which hydrogen causes the redshift is presently unknown. AES measurements showed a Ga rich surface for the hydrogen etch. This result implies a possible connection between stoichiometry and redshifting. We hypothesize that hydrogen reacts preferentially with arsenic within the lattice and that, as the product ͑reported as arsine 17 ͒ volatizes, it leaves the near surface region nonstoichiometric and less dense than before, allowing the remaining material to expand slightly. The ready penetration of GaAs by hydrogen can explain the relatively large thickness of the redshifted layer. Some crystal damage must accompany the arsenic removal, thus accounting for the broadening observed. Note that even pure argon etching caused a small but measurable redshift, implying a small degree of straininducing damage for this case as well. However, most of the damage was amorphous. This material could be modeled reasonably well ͑but without reproducing the small redshift͒ with a damage layer about 5 nm thick modeled as an EMA mixture of amorphous GaAs ͑Ref. 18͒ and voids. Figure 4 shows in situ spectra measured during the first minute of etching by a CH 4 /H 2 /Ar mixture with flow rate ratios of 5/15/7, total pressure of 1 mTorr, microwave power of 300 W, and Ϫ200 V dc bias. Before etching began, the data could be fit ͑solid line͒ with 1.6 nm GaAs oxide 19 on 507 nm Al x Ga 1Ϫx As, xϭ0.28, on a GaAs substrate. The starting AlGaAs layer thickness is greater than the light penetration depth in the range 2.5-3 eV, so the underlying GaAs is not probed in this range initially. The AlGaAs E 1 feature is higher in energy than the GaAs E 1 , and initially lies outside the in situ spectral range. Interference oscillations due to the AlGaAs layer are seen in the transparent below gap region, becoming damped above the band gap ͑ϳ1.85 eV͒.
IV. AlGaAs HETEROSTRUCTURE ETCHING
During the first minute of etching, the main effect is the redshifting of the AlGaAs E 1 feature into the observed spectral range. In ͗⑀ 1 ͘ this appears as an anomalous dispersion region rather than a peak as in ͗⑀ 2 ͘. It broadens as it redshifts, and the amplitude of the feature decreases. The redshifting begins immediately, and has stabilized within 1 min. In these respects the effect of etching on AlGaAs is very similar to that on GaAs.
Etching also continuously reduces the AlGaAs layer thickness. Figure 5 shows real time data at above and below gap photon energies. The above gap photon energy has a short penetration depth, less than 100 nm; consequently it is sensitive only to the near surface region. The large change in the first minute is due to E 1 redshifting. ͑The spikes at 1.4 and 19.7 min are due to noise.͒ At 4.6 min the microwave power is increased, resulting in a change in the surface condition that this photon energy is sensitive to. As the AlGaAs layer thins further, interference oscillations begin and grow in amplitude. The abrupt end of the oscillations at 26.8 min signals that the undamaged AlGaAs is gone. During the next 2 min, the remaining redshifted AlGaAs is removed, and the redshifted GaAs layer develops. The below gap photon energy measurement is less sensitive to the redshifted surface region and more sensitive to the overall thickness of the AlGaAs layer due to its transparency at this energy.
Quantitative modeling of the data requires optical constants of the redshifted AlGaAs layer. These were approximated with the HO model, as for GaAs, fitting to the data at 1 min. The results were similar: a redshifted and broadened E 1 peak ͑compared to crystalline AlGaAs, xϭ0.28͒ and a thickness of about 12 nm. These optical constants were used in the following model to obtain layer thicknesses: GaAs substrate, AlGaAs layer ͑x fixed to 0.28͒, and redshifted AlGaAs layer on top. Both layer thicknesses were allowed to vary, as the measured spectra from each point in time were fit sequentially. The thickness of the AlGaAs layer determined in this way is shown in Fig. 6 . The power increase at 4.6 min resulted in a noticable increase in etch rate. At the same time, the redshifted layer thickness ͑not shown͒ increased about 1 nm, indicating a slightly thicker damage layer. This model worked well until the AlGaAs layer was nearly gone. After 25 min the solutions for thickness became unreliable. A straight line fit to the thickness between 5 and 20 min gives an etch rate of about 20 nm/min. The above analysis was performed after the fact on stored data rather than in real time. However, once the redshifted layer optical constants are determined, all layer thickness fits can be performed in real time during the etch.
These results show that real time spectroscopic ellipsometry can track the thickness of the AlGaAs layer ͑and thereby the etch rate͒, as well as the damage to the surface region. This information could be used to stop the etch at any desired thickness of the AlGaAs. To improve accuracy the endpoint could be predicted in advance, using real time thickness fits to determine the etch rate and predict the time at which the desired thickness will be reached.
V. CONCLUSION
Spectroscopic ellipsometry was used to investigate damage caused by electron cyclotron resonance plasma etching. A damage layer as much as several tens of nm thick was produced by CH 4 /H 2 /Ar or pure hydrogen etching with rf bias on the sample. The effect on the optical constants was to redshift and broaden the critical point structure of the GaAs and AlGaAs. We hypothesize that the redshifting is due to crystal lattice expansion, while broadening is due to amorphous damage. Ar etching caused relatively little damage. Real time ellipsometry data were also used to determine AlGaAs layer thickness, from which the etch rate was determined. Ellipsometry is very sensitive to both the surface region damage and the overall thickness of the epitaxial layer. 
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